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Cycle Loss Evaluation of a Modular Battery System
for Vehicles Based on a Cascaded H-Bridge
Multilevel Inverter
Oskar Theliander, Anton Kersten , Graduate Student Member, IEEE, Manuel Kuder, Weiji Han , Member, IEEE,
Emma Arfa Grunditz , and Torbjörn Thiringer , Senior Member, IEEE
Abstract—This article deals with the modeling and the parame-
terization of the battery packs used in cascaded H-bridge multilevel
propulsion inverters. Since the battery packs are intermittently
conducting the motor currents, the battery cells are stressed with
a dynamic current containing a substantial amount of low-order
harmonic components up to a couple of kHz, which is a major
difference in comparison to a traditional two-level inverter drive.
Different models, such as pure resistive and dynamic RC-networks,
are considered to model the energy losses for different operating
points (OPs) and driving cycles. Using a small-scale setup, the
models’ parameters are extracted using both a low-frequency,
pulsed current, and an electrochemical impedance spectroscopy
(EIS) sweep. The models are compared against measurements
conducted on the small-scale setup at different OPs. Additionally,
a drive cycle loss comparison is simulated. The simple resistive
model overestimates the losses by about 20% and is, thus, not suit-
able. The dynamic three-time-constant model, parameterized by a
pulsed current, complies with the measurements for all analyzed
OPs, especially at low speed, with a maximum deviation of 3.8%.
Extracting the parameters using an EIS seems suitable for higher
speeds, though the losses for the chosen OPs are underestimated
by 1.5%–7.9%.
Index Terms—Batteries, inverters, multilevel systems, vehicles.
I. INTRODUCTION
THE two-level inverter is widely used for the propulsion intoday’s battery electric vehicles (BEVs) [2]–[4]. However,
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multilevel inverters (MLI) are gaining interest in the field of
vehicle propulsion applications [5]–[7], such as the neutral point
clamped (NPC) and the cascaded H-bridge (CHB) inverter,
referred to as modular battery systems [8]. These inverter topolo-
gies have several advantages compared to the classical two-level
inverter, for example, possible fault tolerant operation [9]–[11],
efficiency enhancement [11]–[14], and especially, low output
voltage harmonic and electromagnetic emissions [15], [16]. In
[6], [11], and [14], the CHB topology utilizing low voltage
MOSFETs is considered. This multilevel topology achieves a high
inverter efficiency by the usage of low voltage MOSFETs, which in
addition come with a low cost. Each battery pack can be drained
by its individual capacity, since the inverter acts as a part of the
battery management system [17], so that the amount of energy
in the entire battery system can be utilized to its full extent [11].
In a BEV, independent of the inverter topology, the battery
cells are subjected to a dc component, which varies while driv-
ing. On the one hand, the switching events of a two-level inverter
generate a high-frequency current ripple (≥10 kHz), which is
easily filtered out by the dc-link capacitor [18], [19]. Hence, for
energy calculations, the battery is often just modeled as a single
resistor [20]–[23]. On the other hand, the battery packs in a CHB
inverter are subjected to a low-frequency (LF) current ripple,
containing a substantial amount of low-order harmonics, espe-
cially a second-order harmonic component. Thus, the LF current
ripple varies in frequency depending on the operating point (OP)
of the vehicle [16], [24]. This, in turn makes accurate energy
calculations and efficiency comparisons between two-level and
various MLIs difficult. Consequently, assuming a pure resistive
model for a modular battery system based on a MLI topology,
as for example chosen in [25]–[27], might not be suitable. In
[14] and [28], the efficiencies of different MLIs are extensively
modeled and assessed, but the overall system efficiencies can
not be evaluated since the battery losses are omitted. In [12], it
is shown that the battery losses have a significant influence on
the overall efficiency.
Different models to extensively describe the dynamic battery
behavior with electrical equivalent circuits for a two-level in-
verter system are discussed in [29]–[35]. In general, the conclu-
sion is that the Randles model [35] of series connected RC-links
0093-9994 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Seven-level CHB converter with integrated battery packs forming a
modular battery system.
describes the battery performance in a sufficiently adequate way.
Depending on the battery load scenario to be described, a pure
resistive model or a model with up to three RC-links can be
chosen. For example, as shown in [36], a simple resistive model
can be used to determine the steady-state losses of a battery,
as for example when used in a two-level inverter drive, but a
more complex model is needed to describe the dynamics during
transients.
Additionally, work to parameterize the battery system for dy-
namic simulations and loss evaluations in hybrid and pure elec-
tric vehicles has been done in [34], [37]–[40]. Here, two main
approaches can be distinguished, the recursive time-domain
parameter extraction using LF discharge/charge pulses [38], [39]
and the electrochemical impedance spectroscopy (EIS) [34].
However, the available literature does not cover the depen-
dency of the chosen battery model on the estimated battery
losses of modular MLIs with a split battery system used for
variable speed drives. Due to the dynamic current drawn from
the individual battery packs and the broad frequency range of
operation, a pure resistive battery model seems unsuitable for
energy calculations as for example for the determination of drive
cycle losses.
Therefore, the key contribution of this article is to demonstrate
the importance of using a more complex, dynamic battery model
and, hence, to quantify the overestimation of the battery losses
in a multilevel propulsion inverter for different OPs and drive
cycles when using just a resistive battery model. Additionally,
it is determined which parameter extraction method is more
suitable for a MLI with a split battery system, the EIS or the
recursive time-domain based extraction.
II. MODULAR BATTERY SYSTEM BASED ON CHB INVERTER
TOPOLOGY AND ITS CONTROL
The CHB inverter consists of series connected H-bridges,
which can be independently controlled. Within the scope of this
investigation, a seven-level CHB inverter, as shown in Fig. 1, is
considered. Each H-bridge has a battery pack attached to it. By
controlling the switches in the H-bridge in pairs, one module
can create the following output voltage levels
VHB = {+VDCML ,−VDCML , 0} (1)
where VDCML describes the nominal battery pack voltage. Hav-
ing n series connected H-bridge modules, the number of voltage
levels per phase becomes
m = 2n+ 1. (2)
In literature, several modulation techniques can be found to con-
trol the output voltage of a MLI [41]–[44]. For this investigation,
the chosen modulation technique to control the output voltage
of the inverter is fundamental selective harmonic elimination
[42]. This technique achieves a high drive train efficiency at
high speeds, since the switching losses are kept to a minimum,
while a selection of low-order harmonics are eliminated [6]. By
choosing the proper time instants to turn ON and turn OFF the
switches of the different H-bridges in the MLI, the amplitude of
the fundamental frequency as well as a selection of harmonics
are controlled. For an m-level inverter, the amplitude of the
fundamental frequency and m−32 harmonic components can be
controlled. Since the motor inductance acts as a current low-pass
filter, it is of utmost importance to minimize the LF voltage
harmonics, for example, the fifth and the seventh harmonic.
The voltage waveform built up by the seven-level inverter
can be expressed with the help of the switching angles α1, α2,
and α3. The angles describe the instants when H-bridge 1–3
should be activated in forward or reverse conduction in one
phase. According to [42] and [45], the fourier series expansion





[cos(hα1) + cos(hα2) + cos(hα3)] . (3)
Equation (3) assumes that the dc-voltages are equal for all H-
bridges. The modulation index can go up to 1.07 without losing
the possibility to eliminate the fifth and seventh harmonic [46].
If the modulation index is below 0.487, the control over both
harmonics is also lost sinceα1,α2, andα3 are constrained to 90◦.
Nevertheless, the harmonics are minimized with a prioritization
on the fifth harmonic. To keep the battery packs balanced, the
controller makes sure to use the battery packs according to
their capacity. Therefore, during motor operation, the battery
pack with the highest voltage and the lowest voltage is used
to the largest and smallest extent, respectively, and vice versa
during recuperation. The maximum output voltage the inverter
can create, while keeping a voltage margin of about 10% to
account for the voltage drops and the needed blanking time of
the inverter valves, as well as maintaining a sufficient control
margin, can be expressed as follows:









+iphase , if αj ≤ ωt ≤ π − αj
−iphase , if π + αj ≤ ωt ≤ 2π − αj
0 , else
(5)
Authorized licensed use limited to: Chalmers University of Technology Sweden. Downloaded on December 02,2020 at 16:28:00 UTC from IEEE Xplore.  Restrictions apply. 
6970 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 56, NO. 6, NOVEMBER/DECEMBER 2020
Fig. 2. (a) Phase voltage and phase current and (b) drawn battery current for
an example OP.
Fig. 3. Harmonic current components of the drawn battery current shown in
Fig. 2(b).
with j = {1, 2, ..., n}. Fig. 2(a) depicts the inverter output volt-
age and the motor phase current of one phase for an arbitrary
OP. It can be seen that all three modules are inserted. The drawn
battery current in comparison to the average current for battery
pack 1 is depicted in Fig. 2(b). It is quite different from a dc
quantity. The Fourier analysis of the drawn battery current yields
the harmonic components, as depicted in Fig. 3. The battery is
stressed with a substantial amount of even low-order harmonic
components. For this OP, the magnitude of the double frequency
harmonic exceeds even the dc component for the chosen battery
pack. In comparison, the dc bus in a classical two-level inverter
Fig. 4. Randles model of a battery cell, using three time constants. The LF
current harmonics can easily pass trough the capacitances C1 to C3, whereas
the dc component is conducted through the resistors R1 to R3.
is stressed with a large dc component and a high frequency
ripple corresponding to the switching harmonics [32], [47], [48].
Therefore, it is important to characterize the battery packs with
respect to a broad frequency range, up to several kHz for the MLI,
and not just for the dominant dc component as for a two-level
inverter.
III. BATTERY MODELING AND PARAMETER EXTRACTION
The battery cell chosen for this investigation is the
ANR26650M1A produced by A123 Systems [49]. It is a cylin-
drical high-power cell based on the LiFePO4 chemistry. The
nominal voltage is 3.3 V and the specified capacity is about
2300 mAh. The maximum continuous discharge current is 70A.
The identification of the battery parameters can in fact be done
online during standstill, when a sufficiently high-sampling data
acquisition system is available on-board. However, within the
scope of this article, the following described methods are applied
in the laboratory using an external battery cell tester [50]. Within
the frame of this article, only the irreversible heat losses are
considered, whereas the reversible heat generation caused by
the entropy change, for example, described in [51] and [52], is
neglected.
A. Dynamic Battery Modeling
Several battery equivalent circuit models can be found in
[29]–[31], [34], [40]. The general conclusion is, that the Randles
model, as shown in Fig. 4, describes the battery dynamics and
the ohmic battery losses adequately. The battery cell is modeled
by an RC-network. The three time constants, represented by R1
to R3 and C1 to C3, are used to describe the transient battery
behavior. The resistance R0 represents the internal battery resis-
tance. The open circuit voltage VOCV is dependent on the state
of charge (SOC). Considering the high-frequency behavior, the
modeled series inductance L is required. Thus, the battery cell
impedance can be mathematically described as follows:
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Since the battery parameters are dependent on the SOC, the
parameter extraction methods should be performed at a charac-
teristic SOC of about 50%.
The instantaneous joule losses can be described as the sum of








with k as the number of the chosen RC-pairs [16]. Since the
RC-pairs do not have a physical representation, the joule losses
can be calculated using the measured battery current and cell






(VOCV − VCell)ibatdt. (8)
The open circuit voltage can be estimated using Coulomb count-
ing or a Kalman filter. In order to obtain the energy loss, as for
example over a driving cycle, the instantaneous power loss can





As depicted in Fig. 4, the LF current harmonics can easily pass
through the capacitances C1 to C3, whereas the dc component is
conducted through the resistors R1 to R3, causing higher joule
losses.
B. Time-Domain Parameter Extraction
To extract the battery parameters in time-domain, as described
in [39], the battery cell is stressed with a high-pulsed current with
a LF. Meanwhile, the battery voltage and current are monitored
to estimate the system’s transfer function, which should be equal




2 + b1s+ b0
s3 + a2s2 + a1s+ a0
. (10)
Using its corresponding poles, p3, p2, and p1, and zeros, z3, z2,
and z1, the cell impedance term becomes
Z̄Cell(s) = b3
(s− z3)(s− z2)(s− z1)
(s− p3)(s− p2)(s− p1) . (11)
It should be noted, that the battery series inductance is neglected
in (10) and (11) due to the commonly low pulse frequency and the
direct connection of the battery cell tester. In an actual vehicle,
the inductance is closely related to the cable and wire harness
routing. In the lab setup, the cable lengths were minimized
through the direct connection of the H-bridges onto the battery
modules. For an actual CHB setup in a vehicle, the cable lengths
and the related inductances are not known. However, for a
two-level setup, the inductance is estimated to be 1 μH for a
10 kWh, 400 V traction battery and about 500–700 nH for the
2m-long cable routing, seen from the inverter [18], [53], [54].
Nonetheless, the transfer function in (10) and (11) can eas-
ily be parameterized using a generic recursive least-square fit.
Therefore, numerical computer tools, such as MATLAB’s curve
fitting toolbox, can be used. The equivalent circuit parameters
Fig. 5. Monitored and modeled battery voltage drop when using a pulsed
current of 1 Hz and 28 A (12.2 C).
can then be extracted as follows. From the poles, the system’s























τ1τ2τ3 0 0 0
τ1τ2 + τ1τ3 + τ2τ3 τ2τ3 τ1τ3 τ1τ2
τ1 + τ2 + τ3 τ2 + τ3 τ1 + τ3 τ1 + τ2




which can be used to calculate the resistances as
[




b3 b2 b1 b0
]T
. (14)






















If the Randles model is used with two or one time constants, the
parameters can be calculated in a similar way from the least-
square fit.
When extracting the parameters, a pulsed current of varying
amplitude and frequency was applied to a single battery cell.
The parameters as well as the normalized root mean square
deviation are shown in Table I. It can be observed that the
impedance becomes slightly greater at higher currents. Further,
the magnitude fit is excellent when using three poles and three
zeros and a pulsed current of 28 A and 1 Hz. Fig. 5 depicts
the measured and simulated voltage shapes for this case, using
different time-constants as well.
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TABLE I
EXTRACTED BATTERY CELL PARAMETERS
The selected parameters are marked in green and blue for the recursive time-domain, using a current pulse, and the EIS sweep extraction, respectively.
Fig. 6. Battery cell impedance obtained from the EIS sweep. The estimated
battery parameters match the measured impedance by about 99.2% in the range
from 1 Hz to 3.72 kHz.
C. Electrochemical Impedance Spectroscopy
The EIS is another method to extract the battery parameters,
as for example described in [34]. A sinusoidal current of varying
frequency is injected into to battery cell while the battery cell’s
voltage is monitored. Consequently, the impedance can be ob-
tained by the complex relation of current and voltage. To obtain
the battery parameters, a least square fit can be used to match
the impedance for a certain frequency range. It should be noted
that the series inductance of the battery model in Fig. 4 cannot
be neglected using an EIS, since the frequency range typically
reaches up to a couple of kHz.
For the chosen battery cell an EIS sweep has been performed
in the frequency range from 10 mHz to 7.27 kHz using a battery
cell tester, Gamry reference 3000 [50]. In comparison to the
pulse test, the current of the cell tester was limited to a low value
of 2 A (rms). As seen from the pulse tests, using a low current
with a high frequency might lead to a lower value of the battery
resistances. The obtained imaginary and real parts of the battery
cell impedance are depicted in Fig. 6. The battery parameters
were determined, using a least square fit, so that these match the
impedance plot within the range from about 1 Hz to 3.72 kHz.
As can be seen in Fig. 6, the estimated impedance matches quite
well with the measured impedance. The parameters obtained
from the EIS sweep are shown in Table I.
TABLE II
DRIVE TRAIN PARAMETERS
IV. SMALL-SCALE SYSTEM AND EXPERIMENTAL EVALUATION
OF BATTERY LOSSES
Within the scope of this analysis a plug-in hybrid electric
vehicle with a 50 km electric driving range is considered as a
reference system. The modeled vehicle should resemble a small
passenger car. The used motor and vehicle parameters can be
found in [6] and are shown in Table II. A setup of nine battery
packs are used, building up a total capacity of 10 kWh. Thus,
each battery pack consists of 150 cells, 10 in parallel and 15 in
series. In this way, a nominal battery pack voltage of about 50 V
is achieved.
However, for simplicity, the dynamic behavior of the battery
model was verified using a down-scaled laboratory drive system,
Authorized licensed use limited to: Chalmers University of Technology Sweden. Downloaded on December 02,2020 at 16:28:00 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 7. Small-scale CHB inverter setup.
referred to as small-scale system. Thus, the chosen small-scale
battery packs consist of just four in series connected battery cells,
which gives a nominal voltage of 13.2 V and a total capacity

























Using the current and voltage ratios, any OP of the reference
hybrid car can easily be transferred to the small-scale system. In
this way, each single cell is theoretically stressed with the same
current as in the reference hybrid vehicle. The built small-scale
setup can be seen in Fig. 7. A small induction machine is driven
by the MLI. The open circuit voltage VOCV of each battery
pack was estimated using a simple coulomb counting approach,
whereas even a more advanced estimator as for example an
extended Kalman filter could be used. Consequently, the product
of the battery voltage drop and the battery current yields the
ohmic/joule battery losses. In this way, the simulated and mea-
sured battery losses can easily be compared with each other.
Fig. 8 shows the operation of the small-scale system. For the
depicted OP, the power factor is close to unity. The battery
packs in each phase are balanced by swapping the angles α1
to α3. When performing an fast Fourier transform on the drawn
battery current, as shown in Fig. 8(c), it can be seen that the
second-harmonic component is dominant.
Since the drive train of the vehicle operates in a wide range of
frequency/speed and torque, as shown in Fig. 9, it is reasonable
to limit the analysis at first to a certain number of OPs. Therefore,
six typical OPs of the speed–torque characteristic, as can be seen
in Table III, are initially chosen to assess the dynamic behavior of
Fig. 8. Operation of the small-scale laboratory setup. (a) Line voltage and
phase current. (b) Drawn battery current and voltage of one battery pack. (c)
Battery current harmonics.
TABLE III
ANALYZED OPS FOR THE VEHICLE
the battery models in relation to characteristic vehicle loads [6].
To obtain the equivalent OPs for the small-scale system, the OPs
in Table III are down-scaled according to (16) and (18), shown
in Table IV. Fig. 10 shows the drawn battery current and the
measured battery voltage drop in comparison to the simulated
Authorized licensed use limited to: Chalmers University of Technology Sweden. Downloaded on December 02,2020 at 16:28:00 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 9. Inverter OPs when using an electric vehicle with the electrical machine in Table II. The New European Driving Cycle (NEDC) is marked with diamonds
as a reference, while the white line shows the torque needed to propel the vehicle at constant speed. Circles mark the six analyzed OPs. (a) RMS-value of the phase
currents. (b) RMS-value of phase voltages. (c) Power factor angle.
TABLE IV
ANALYZED OPS FOR THE LAB SETUP
Fig. 10. Dynamic battery behavior for the different battery models in compar-
ison to the measurement conducted on one battery pack of the small-scale setup
for OP 4.
TABLE V
MAXIMUM VOLTAGE DROP AT THE SIX OPS RELATIVE TO THE MEASUREMENT
voltage drop for OP 4. It can be seen that the 3p3z dynamic model
follows the measurement very well. The 2p2z model agrees
quite well with the measurement, as well, and only overestimates
the voltage drop to a small extent. However, the 1p1z and the
pure resistive model do not agree well with the measurement
and overestimate the voltage drop when a current is drawn
from the cell (higher losses) and underestimate the voltage drop
when no current is flowing through the cell (relaxation). As a
consequence, the resistive model overestimates the losses except
in the case of a pure dc-current, which typically does not occur
in a MLI drive system. Furthermore, it can be seen that the EIS
model underestimates the voltage drop and therefore the losses,
however, less pronounced in comparison to the overestimation
of the 1p1z and the pure resistive model.
The relative maximum voltage drops at the six OPs in com-
parison to the measurements are listed in Table V. It can be
noted that the dynamic models, 3p3z and 2p2z, agree very well
with the measurements. On the contrary, the resistive model
always overestimates the voltage drop, whereas the EIS model
underestimates it. Further, it can also be noted that the resistive
model shows a better agreement at lower frequencies (OP1–
OP3) compared to higher frequencies (OP3–OP6).
The obtained losses at the six characteristic OPs are depicted
in Fig. 11. On the one hand, it can be seen that the dynamic
models with two to three RC-pairs show a very good agreement
with the measurements. On the other hand, it can be seen that
the dynamic model with one RC-link and the resistive model
Authorized licensed use limited to: Chalmers University of Technology Sweden. Downloaded on December 02,2020 at 16:28:00 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 11. Loss comparison between measurements, for different dynamic models and a pure resistive model at the six characteristic OPs for the seven-level
CHB MLI.
Fig. 12. Comparison between the simulated battery losses for different drive cycles Comparison between the simulated battery losses for different drive cycles
for the seven-level CHB MLI.
overestimate the losses by about 10% and 20%, respectively.
Considering the EIS-model, the losses are generally underesti-
mated, while the OPs at higher frequencies (OP4–OP6) agree
better with the measurements than the ones at LF (OP1–OP3).
From the loss results, it can be seen that the 3p3z model is the
most accurate one for five of the six OPs, whereas the EIS model
is the most suitable for OP6 at the highest chosen frequency.
Consequently, it can be stated that the selection of a simple
battery model, for example, a pure resistive model, might be
suitable for energy calculations concerning a two-level inverter
system, whereas these overestimate the losses in a CHB inverter
by up to 20%.
V. DRIVE CYCLE EVALUATION
Simulations are used to assess and compare the behavior of
the battery models for different driving cycles. The compact
reference car and the electric motor described in Table II are
used to calculate the drive cycle OPs. Four typical driving cycles
were chosen to cover the characteristic vehicle loads for city
driving (FTP75), highway driving (HWFET), aggressive driving
(HWFET), and test procedure driving (NEDC). The resulting
total energy losses of the battery system can be seen in Fig. 12.
It can be noted that a similar relation among the models is
seen for all driving cycles, even though the vehicle operates
at different speeds and accelerations throughout the four driving
cycles. Similar as for the single OPs, the resistive model shows
higher losses compared to the 3p3z dynamic model, whereas the
EIS parameterized model provides a lower loss estimation.
VI. CONCLUSION
In comparison to a two-level inverter, the battery packs
in a CHB multilevel propulsion inverter are stressed with a
substantial amount of low-order current harmonics, especially
a second-order harmonic component, of varying frequency
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depending on the range of operation. Therefore, it is important
to have an accurate model of the battery packs used in an MLI to
accurately evaluate the energy losses for different driving cycles.
The Randles model with different complexity, from a simple
resistive to a three-time-constant model, has been considered.
A small-scale drive system has been used to extract the battery
parameters and, further, to verify and compare theory and sim-
ulation results. The recursive time-domain parameter extraction
using a discharge pulse and the EIS have been used to determine
the battery parameters.
It has been shown that a pure resistive battery model exten-
sively overestimates the battery losses, by about 20%, whereas
a single time constant system overestimates the losses by about
10%. Using a two-time or even a three-time constant model,
the losses can be more accurately estimated. Furthermore, it has
been seen that the battery parameters extracted from the EIS
match very well with the measured losses at high frequencies,
whereas the losses at LFs are underestimated by about 8%.
Although, the 3p3z-model might seem rather detailed, it is still
a model representation of a highly nonlinear, complex object,
and as such, discrepancies between the EIS and time-domain
are to be expected. The simulation results of the drive cycle
analysis have shown similar relationships as observed for the
battery losses measured and simulated at the six OPs.
Finally, it can be concluded that even though a simple battery
model, such as a pure resistive model, might be suitable for
the loss calculation in a classical two-level inverter system, in a
CHB inverter or MLI system the battery losses are overestimated
by up to 20%. Therefore, a dynamic model with two or three
RC-links should be preferably chosen. Moreover, the parameter
extraction using a pulsed current is very suitable for CHB drive
trains, unless dealing with very high fundamental frequencies.
This method could be easily implemented and applied online
during standstill.
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